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In this study the geometry optimization of harmane using the
semi-empirical (AM1, PM3, MNDO,) ab initio HF as well as the
B3LYP method was performed. The calculated geometrical
parameters of harmane were compared with the available
crystallographic data to verify the extent to which theoretical
models approximate the molecular structure of this compound.
Additionally, some electronic properties of harmane in the neutral
and monocationic form were calculated using various theoretical
methods. The semi-empirical ZINDO-1 and TD/B3LYP calculations
were carried out using the B3LYP/6-31+G(d,p) optimized geometry
of harmane. The utility of the applied methods to predict properties
of electronic transitions to the lowest excited singlet states of
harmane was discussed.

1. Introduction

Harmane (1-methyl-9-H-pyrido-[3,4-b] indole) (Fig. 1) belongs to the group
of �-carboline alkaloids, which are the compounds of particular interest in the
pharmacological science. �-carbolines are known from their biological activity
as the central nervous system stimulants, hallucinogens [1-5]. These compounds
also exhibit cytotoxic and mutagenic or co-mutagenic properties. Moreover
�-carbolines may interact with the double stranded DNA and single stranded RNA [6].
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Harmane is composed of a �-deficient pyridine ring fused to a �-sufficient
indole ring. The presence of pyrrolic and pyridinic nitrogen atoms in the
betacarboline ring allows harmane to act as a hydrogen bond donor / acceptor
molecule. Due to a bifunctional hydrogen bonding character of harmane ring,
this compound is able to act through hydrogen bonding with variety of solvents
too [7,8]. Additionally, its photophysical properties are sensitive to the pH of
surrounding medium. Depending on the pH value, in aqueous solutions,
harmane may exist as four different species: as a neutral, a monocationic (in
which the pyridinic N is protonated), an anionic form or as a zwiterion [9].

Due to the interesting photophysical properties of �-carbolines and their
potential pharmacological application as the antidepressants and antitumorous
drugs, the experimental and theoretical information about the molecular
structure of these compounds is vital. The crystal structure of harmane (as a free
base) was determined by X-ray diffraction and reported by El-Sayed and co-
workers [10]. The geometrical parameters of harmane were also collected in The
Cambridge Crystallographic Database [11].

In a few recent years advances in computational hardware and technology have
made it possible that existing chemical theories may be applied to more and more
complex systems. Therefore theoretical methods are increasingly applied by
chemists in variety of problems, for example to predict structural and electronic
properties of molecules, to examine solvent effects, to study molecular interactions
and even to model excited or transition states of reactions. For this purpose various
computational methods may be used, from semi-empirical to very sophisticated and
advanced models in which electron correlation is taken into account. Nevertheless,
the starting point for all mentioned calculations is to determine the most accurate
structure of the molecule. The most accurate geometry of the molecule is defined as
having the lowest possible energy (and is determined as the result of geometry
optimization or energy minimization). The optimized geometry of a molecule is
roughly dictated by the starting positions of the atoms as chosen by the theoretician,
therefore the optimized geometrical parameters should be compared with the
experimental data. Moreover the calculations refer to an isolated single molecule,
whereas measured properties reflect thermal averaging possibly over all the
stereoisomers, tautomers of a given compound, which may be structurally quite
different from the idealized model system. Therefore care must be taken when
comparing calculated and experimental structural properties of the molecule. Once
the well-defined (the accurate) geometry of a molecule is determined, chemical
properties for a single molecule may be calculated. Typical example of these
properties are spectral quantities such as electronic energy and oscillator strengths of
the electronic transitions to the lowest excited singlet states for a given molecule
[12]. Theoretical calculations have proved to be useful tool in the prediction of the
structural and electronic properties, as well as the reactivity of a great number of
conjugated systems, including �-carbolines.
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The theoretical studies on �-carbolines with the use of computational
methods have been extensively reported in the literature. These studies have
mainly focused on:
− the semi-empirical analysis of structural properties and potential reactivity of
�-carbolines [13,14,15];

− the semi-empirical prediction of energies and oscillator strengths for
electronic transitions in �-carbolines in the gaseous phase [16];

− the reproduction of proton affinities of 3-substituted �-carbolines including
solvent effects with the PCM model [17];

− the protonation and deprotonation processes of pyridoindoles (including
�-carbolines and their derivatives) [18];

− the excited state proton-transfer tautomerism of �-carbolines mediated by
hydrogen-bonded complexes [19]

− the determination of pKa, lipophilicity, water solubility and polar surface area
of harmane [20].

In the current work we performed the quantum-mechanical study on the
molecular structure and electronic properties of harmane, too. However, beside
semi-empirical and HF methods, the theoretical calculations were also
performed at the B3LYP level of theory. The calculated using various
computational methods structural parameters of neutral form of harmane were
compared with available experimental data. Moreover, the values of the HOMO-
LUMO energy were calculated attempting to find a theoretical approach useful
in the interpretation of the absorption spectra of harmane.

Due to the interesting, individual photophysical properties of harmane
monocation, which is used as the fluorescence standard, the calculations were
also performed for the protonated form of the compound under study.
Additionally, the geometrical changes resulting from protonation of the pyridinic
nitrogen of harmane was discussed. Furthermore, the ZINDO-1 and TD
(B3LYP)/6-31+G(d,p) methods were used in this work in order to test their
utility to predict the spectroscopic properties of the electronic transitions to the
lowest excited singlet states for both neutral and cationic form of harmane.

2. Computational methods

Geometry optimization of neutral and monocationic form of harmane in
vacuo was performed at the semi-empirical MNDO, AM1, (Austin Model 1) and
PM3 (Parameterized Model) level. The energy minimization calculations were
also performed applying Hartree-Fock (HF) and hybrid density functional theory
B3LYP methods with the use of 6-31G(d) basis set. In order to determine the
influence of polarized and diffuse functions on the predicted properties of
harmane, geometry optimizations with 6-31+G (d,p) basis set were also
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performed. Additionally, to verify whether the optimized structures correspond
to the energy minimum, diagonalization of the energy second-derivative matrix
(Hessian) have been carried out. It was found that there were no negative
vibrational frequencies, which indicated that all the optimized structures were at
the energy minimum.

The oscillator strengths and the energies of the lowest singlet-singlet electronic
transitions have been obtained by ZINDO-1 semi-empirical and time-dependent
TD/B3LYP methods using the B3LYP/6-31+G (d,p) optimized geometries of
harmane. All calculations were performed with the use of Gaussian 03 suite of
programs.

3. Results and discussion

3.1. The ground state geometry of neutral form of harmane

The calculated molecular structure and the atom numbering of harmane is
presented in Fig. 1.

Fig. 1. The B3LYP/6-31+ G(d,p) optimized structure
and the atom numbering of harmane

The calculated and experimental bond lengths and bond angles of harmane
are summarized in Table 1 and Table 2, respectively. According to the crystal
structure reported by El-Sayed et al. [10] there were two molecules of harmane
in the unit cell, each hydrogen-bonded to the two others. All monomers in the
unit cell had no significant differences in bond lengths and angles, therefore the
experimental structural parameters of the neutral form of harmane summarized
in Table 1 and Table 2 refer to the mean values of the molecular pair.

The crystallographic data revealed the planarity of the tricyclic harmane
ring, which is in agreement with the calculated structure of harmane and the
previously reported data [15].
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All applied theoretical methods predicted structural rigidity and planarity of
harmane ring. The orientation of methyl group in the harmane ring, which can
be determined by the value of N1C1C8H8 dihedral angle was calculated to be
-2,57° (AM1 method) and -9,89° (PM3 method) for neutral form of harmane.
For cationic form of harmane the results of AM1 and PM3 calculations showed
that the conformations in which the N1C1C8H8 angle was equal to 0° represented
the minimum on the potential energy surface. The MNDO, HF and B3LYP
calculations predicted that the structure in which N1C1C8H8 angle was equal to 0º
for both neutral and monocationic form was identified as the energy minimum.

From the comparison of experimental structural parameters of harmane
from Cambridge Crystallographic Database [11] with those obtained by
El-Sayed and co-workers [10] it may be seen that the largest differences in the
X-ray determined bond lengths and angles are observed for the C6C7C12 angle
and the C10C11 bond (Fig. 2).

Therefore we made an assumption that if the deviations between
crystallographic data and the theoretically calculated structural parameters are
less than 1,3º and 0,02 Å for bond angles and bond lengths, respectively, the
theoretically determined structure of harmane is quite accurate. Fig. 3 and Fig. 4
show the differences between crystallographic data of harmane and the
calculated geometrical parameters of �-carboline.
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Fig. 2. Differences between crystallographic data taken from Cambridge
Crystallographic Database [11] and those obtained by El-Sayed and coworkers [10]
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Fig. 2 (cd.). Differences between crystallographic data taken from Cambridge
Crystallographic Database [11] and those obtained by El-Sayed and coworkers [10]

From the comparison of the calculated and the experimental structural
parameters of neutral form of harmane (Table 3) it can be seen that the largest
differences between the experimental and the calculated bond lengths is about -
0,05 Å for semi-empirical methods and about -0,02 Å for both HF and B3LYP
methods. The largest deviations between experimental and calculated bond
angles is about 2,5˚ for the semi-empirical methods and about 1˚ for both HF
and B3LYP methods. In general it should be noticed that the semi-empirical
methods gave results less consistent with the crystallographic data. On the
contrary, the bond lengths calculated by the HF and the B3LYP methods were in
good agreement with the experimental data.

Table 3
The maximum differences between crystallographic [11] and theoretically

calculated parameters of harmane

METHOD BOND LENGTH[Å] BOND ANGLE [˚]

AM1 -0,0502 C10C9 +2,54; -2,28 C9C1C8; N1C1C8

PM3 -0,0604 N2C9 -2,34; -2,07 C2N1C1; C12N2C9

MNDO -0,0481 N2C9 -2,99; -1,91 C9C1C8; N1C1C8

HF/6-31G(d) -0,0217 C10C11 -1,16 C2N1C1

HF/6-31+G(d,p) -0,0218 C10C11 -1,16 C2N1C1

B3LYP/6-31G(d) -0,0250 C10C9 -1,20 C12N2C9

B3LYP/6-31+G(d,p) -0,0268 C5C6 -1,09 C12N2C9
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Fig. 3. Deviations between crystallographic data (bond lengths) from Cambrigde
Crystallographic Database [11] and those obtained from theoretical calculations
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3.2. Structural parameters of harmane monocation

In order to determine the changes in the geometrical parameters of harmane
produced by the protonation process, the geometry optimization of harmane
monocation was also carried out. The optimized structural parameters of
harmane monocation are collected in Table 4 and 5.

Fig 5 shows the changes in the main geometrical parameters of harmane
produced by the protonation process of the pyridinic nitrogen. As expected, the
pyridinic fragment of the molecule shows the most significant variations in bond
angles. The protonation process produces a decrease in the C2N1C1 bond angle
(about -3,42˚ for AM1, -2,05˚ for PM3, -4,43˚ for MNDO, about -4,84˚ for HF
and -5,69 for B3LYP). The neighbouring angles: N1C2C3 and N1C1C9 increase
(+2,95˚ and +2,72˚ for AM1, +1,75˚ and +1,74˚ for PM3, +3,55˚ and +3,79˚ for
MNDO, about +3,53˚ and +3,64˚ for HF, and about 4,24˚ and +4,21˚ for
B3LYP). As far as the changes in bond lengths are concerned it should be noted
that the general effect of the protonation process is to increase the C2C3 bond
length and to decrease the N1C2 and N1C1 bond lengths (C2C3 is lengthened
about +0,012Å AM1, +0,005 Å PM3, about 0,015 Å for MNDO, HF and
B3LYP). The magnitude of the N1C2 and N1C1 decrease is predicted to be -
0,021 Å and about -0,018 Å for AM1 and PM3, -0,030 and -0,026 Å for MNDO,
about -0,018 and -0,030 Å for HF, about -0,017 and -0,024 Å for B3LYP. As
predicted by HF and B3LYP calculations the geometrical parameters of the
indole ring after protonation are slightly distorted from those corresponding to
the neutral molecule (the C12N2C9 angle increases about +0,2˚ and +0,13˚ at
the HF and the B3LYP level of theory, respectively). On the contrary, the semi-
empirical methods predict that the C12N2C9 bond angle decreases upon
protonation process, the magnitude of the decrease in C12N2C9 bond angle is
calculated to be -0,99˚ for AM1, -2,12˚ for PM3 and -2,58˚ for MNDO method.
The rest of structural parameters of the indole fragment of harmane molecule are
alternatively lengthened or shortened (Table 6 and 7).
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3.3. Electronic properties of harmane

As can be seen from the comparison of data collected in Table 8, the HF,
B3LYP calculated dipole moment of neutral form of harmane is higher in
comparison with that predicted at the semi-empirical level. On the other hand,
the MNDO calculated dipole moment is in good agreement with the value
obtained by STO-3G molecular orbital calculations [15].

Table 8
The calculated dipole moments (μ) and HOMO-LUMO energy gap (�E)

for the free base and the cationic form of harmane

Neutral form Cationic form
μ*

[ D ]
HOMO
[ eV ]

LUMO
[ eV ]

�E
[ eV ]

μ
[ D ]

HOMO
[ eV ]

LUMO
[ eV ]

�E
[ eV ]

AM1 2,383 -8,550 -0,378 8,172 6,320 -12,272 -5,188 7,084
PM3 2,267 -8,617 -0,557 8,060 6,552 -12,241 -5,332 6,909

MNDO 2,425 -8,688 -0,578 8,110 5,849 -12,237 -5,406 6,831
HF/6-31G(d) 2,752 -7,725 2,635 10,360 6,355 -11,679 -2,381 9,298

HF/6-31+G(d,p) 2,806 -7,899 1,556 9,455 6,513 -11,727 -2,698 9,029
B3LYP/6-

31G(d)
2,792 -5,625 -0,983 4,642 5,803 -9,640 -5,809 3,831

B3LYP/6-
31+G(d,p)

2,899 -5,939 -1,386 4,553 5,918 -9,830 -6,020 3,811

*the experimentally obtained dipole moment of harmane dissolved in 1,4-dioxane at 25°C is �exp=3,36 D [21]

According to the independent-particle model, it can be assumed that the
excitation energy to the lowest excited singlet state of a molecule may be
approximate by the energy difference between the HOMO and the LUMO
orbital [22]. Therefore the energies of harmane HOMO and LUMO orbitals were
calculated. The excitation energy corresponding to the long-wavelength
absorption band of harmane was determined to be 3,757-3,646 eV in
cyclohexane and about 3,351 eV in HCl-acidified water solution [16]. It should
be noted that the semi-empirical and HF methods overestimate the values of
HOMO/LUMO energies because of the negligence of electron correlation. The
best results were obtained using the B3LYP method, in which the correlation
energy is treated only semi-empirically. Including diffuse function into the
B3LYP calculations had little effect on the predicted geometrical parameters of
harmane (Table 1-4) but it improved the values of HOMO and LUMO orbital
energies. The B3LYP/6-31+G(d,p) predicted electronic properties of harmane
are the most consistent with experimental data.
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3.4. The ZINDO-1 and TD B3LYP/6-31+G(d,p) predicted electronic
transitions to the lowest excited singlet states of harmane

The absorption spectra of neutral form of harmane (in cyclohexane) is
constituted of three bands. Two of them are strong and situated at ∼ 240 nm
(5,166 eV) and ∼ 286 nm (4,335 eV), whereas the third band is weak and
consists of two peaks around 330 (3,757 eV) and 340 nm (3,646 eV),
respectively. In solutions, in low pH value harmane can exist in the form of
monocation, in which the pyridinic nitrogen is protonated. The protonation of
the pyridinic nitrogen results in the drastic change of the absorption spectra of
harmane, which reflects the electronic properties of a molecule. In the
absorption spectrum of harmane dissolved in HCl- acidified solutions four bands
may be identified. The maxima of these bands are situated at ∼ 204 nm (6,077
eV), ∼ 250 nm (4,959 eV), ∼ 300 nm (4,133 eV) and ∼ 370 nm (3,351 eV),
respectively. All observed bands result from ���* transitions [16].

In order to find a theoretical model which can be useful in the interpretation
of the absorption spectra of harmane, the ZINDO-1 semi-empirical as well as
TD/B3LYP/6-31+G(d,p) calculations in vacuo were performed. The calculations
were carried out on the B3LYP/6-31+G(d,p) optimized structure of harmane for
neutral and monocationic form, because this method proved to be useful in the
description of structural and electronic properties of the molecule under study.
The theoretically predicted energies and oscillator strengths of electronic
transitions to the lowest excited singlet states of harmane are presented in Table 9.

Table 9
Transition energies (E [eV]), wavelengths (� [nm]) and oscillator strengths (f)

of electronic transitions for harmane calculated using ZINDO-1 and TD
B3LYP/6-31+G(d,p) methods in vacuo

Neutral form Cationic form
ZINDO-1 TD (B3LYP)/6-

31+G(d,p)
ZINDO-1 TD (B3LYP)/6-

31+G(d,p)
E [eV]
� [nm]

f E [eV]
� [nm]

f E [eV]
� [nm]

f E [eV]
� [nm]

f

S1 3,820
324,6

0,1247 3,961
312,5

0,0723 3,245
381,9

0,1735 3,256
380,8

0,0407

S2 4,153
298,5

0,1380 4,561
271,8

0,0723 3,553
348,9

0,4197 3,940
314,7

0,1648

S3 4,285
289,3

0,0101 4,613
268,8

0,0020 4,254
291,4

0,0216 4,747
261,2

0,4652

S4 4,501
275,4

0,0290 4,884
253,9

0,0009 4,670
265,5

0,7088 4,805
258,0

0,0443

S5 4,948
250,6

1,2082 5,176
239,6

0,2042 4,761
260,4

0,1460 5,120
242,2

0,0651
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Before we make a brief comment on the comparison of experimental and
calculated properties of electronic transitions in harmane, we should emphasize
that no solvent effects were taken into account in the calculation. Therefore we
should not expect the excellent quantitative correlation of experimental and
calculated properties of electronic transitions. Bearing that in mind we may say
that the ZINDO-1 method, despite its simplicity, gives quite good qualitative
description of electronic transition in neutral harmane. The energy of S1

transition is larger only by 0,063 eV compared with the experimental value of
3,757eV. The S2, S3 and S4 states might originate from experimental band of the
energy 4,335 eV (286 nm). The S3 and S4 states were expected to be less strong
(based on its oscillator strength) making it likely that the peak corresponding to
the S2 would obscure the ones arising from the S3 and S4 states. Comparing the
experimental and the calculated energies of electronic transitions in neutral form
of harmane it should be noted that the TD (B3LYP)/6-31+G(d,p) calculated
energy of the electronic transition to the lowest excited singlet state of harmane
is overestimated, that is too large by about 0,315 eV compared with their
experimental value. That may be attributed to the wrong long-range behavior of
TD B3LYP exchange-correlation functional, since it decays faster than 1/r,
where r is the electron-nucleous distance. As a result TD B3LYP method has
severe problems with the correct description of Rydberg states and extended �-
systems [23]. As far as cationic form of harmane is concerned, both the ZINDO-
1 and TD B3LYP/6-31+G(d,p) methods underestimated the energies of the two
lowest electronic transitions. The calculations suggest that the lowest singlet
excited state of harmane cation originated from the two close lying S1 and S2

transitions. Moreover the calculated using above mentioned methods ground to
excited state transition electric dipole moment is evidently larger for S2 as
compared with the value calculated for S1 state. That makes the S2 state more
sensitive to polar environment. Due to solvent stabilization of the S2 state, it is
possible that the S1 and S2 states might interchange and the S2 state would
become the lowest-lying excited state. Therefore it is important to consider
solvent effects in the prediction of the electronic transitions in harmane.

4. Conclusions

In the current work the geometry optimization of both the neural and
cationic form of harmane with the use of semi-empirical, Hartree-Fock and
B3LYP theories were performed. The calculated structural and electronic
properties of harmane were compared with the experimental data in order to
select the theoretical approach which gives the most accurate description of
electronic structure of harmane molecule. In conclusion, from all studied method
e.g., AM1, PM3, MNDO, HF and B3LYP, the B3LYP calculations seemed to
give the most accurate description of the electronic structure for both neutral and
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cationic forms of harmane. Therefore, the electronic structure of harmane
predicted by B3LYP/6-31+G(d,p) was used for further ZINDO-1 and TD
(B3LYP)/6-31+G(d,p) calculations in order to estimate the properties of
electronic transitions in harmane. The calculations revealed that including
solvent effects in the theoretically predicted electronic transitions of harmane is
crucial. The most popular models to examine the influence of solvent are
Polarized Continuum Model (PCM) (which is available for TD B3LYP
calculations) and the semi-empirical SM5.4 continuum solvent model. Therefore
the semi-empirical AM1-CI and PM3-CI calculations with SM5.4 solvatation
model as well as the TD/6-31+G(d,p) PCM calculations for harmane have been
performed [24,25].
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TEORETYCZNE BADANIA STRUKTURY
I WŁA�CIWO�CI ELEKTRONOWYCH HARMANU

Streszczenie

W pracy obliczono optymalizacj	 struktury elektronowej harmanu z wyko-
rzystaniem ró
nych metod obliczeniowych, tj. metod semi-empirycznych (AM1,
PM3, MNDO), metody Hartree-Focka, jak równie
 metody B3LYP. W celu
sprawdzenia dokładno�ci i u
yteczno�ci wy
ej wymienionych metod teoretycznych
w przewidywaniu struktury badanej ß-karboliny obliczone parametry strukturalne
harmanu porównano z dost	pnymi w literaturze danymi krystalograficznymi.
Nast	pnie obliczono wybrane wła�ciwo�ci elektronowe neutralnej oraz kationowej
formy harmanu.

Uzyskan� z oblicze
 warto�� ró
nicy energii orbitali HOMO i LUMO, któr�
mo
na traktowa� jako przybli
on� energi	 przej�cia do najni
szego stanu
singletowego cz�steczki, porównano z uzyskan� z eksperymentu warto�ci�
energii wzbudzenia harmanu. Spo�ród wykorzystanych w pracy metod
obliczeniowych, zastosowanie metody B3LYP z u
yciem bazy 6-31+G(d,p)
pozwoliło na uzyskanie zadowalaj�cego opisu wła�ciwo�ci strukturalnych
i elektronowych harmanu. Dlatego te
 uzyskan� za pomoc� tej metody struktur	
elektronow� harmanu wykorzystano do oblicze
 energii przej�� elektronowych
cz�steczki. Obliczone metod� ZINDO-1 oraz TD B3LYP energie przej��
elektronowych porównano z energi� przej�� elektronowych odpowiadaj�cym
odpowiednim pasmom w widmie absorpcji neutralnej oraz kationowej formy
harmanu.
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Wydział Biotechnologii i Nauk o �ywno�ci
Politechnika Łódzka
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